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I. INTRODUCTION 
1. Object and Scope of ~ Investigation 
.Strength, economy and ease of erection or fabrication are qualities 
that are desirable in all structural joints. Laboratory and Field tests 
have demonstrated the possibility of attaining these qualities as well as 
a high resistance against failure in fatigue with high-strength bolted 
structural joints. Previous reports. have given general information con-
eerning the strength of bolted joints in fatigue. This report, however, 
consists of a detailed study of the fatigue strength of a specific type 
of bolted joint, a two-bolt lap-joint connected with high-strength struc-
tural steel bolts. Lap-joints occur frequently in engineering structures, 
but they have not often been tested in fatigue because of the many prob-
lems encountered in testing such joints. 
In a high-strength bolted structural joint, the clamping force of 
the bolts must develop sufficient frictional resistance between the raying 
surfaces of the plates to prevent slippage. If the joint does not slip 
the principal stress in the bolts is the static pre-load axial stress, and 
the shear and bending stresses on the bolts are so small that failure of 
the bolts in fatigue is . unlikely. The main fa ctors' te be investigated-
• Progress report, "Exploratory Fatigue Tests of Bolted Structural Joints"; 
Munse and Wilson; University of Illinois Engineering Experiment Station; 
January 1950. 
"The Effect of Various Fasteners on the Fatigue Strength of a Structural 
Joint", by Kenneth He Lenzen. Bul. 480 American Railway Engineering 
Association, June - July 1949. 
for bolted joints in fatigue therefore, are (a) the amount of cyclic 
loading that will be sustained by a joint without producing a failure in 
the bolts, and (b) the effects of the bolts and bolt tension on the fatigue 
strength of the plates connected by the bolts. These are the primary fac-
tors which have been studied in the tests of lap-joints reported hereind 
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II. DESCRIPTION OF TEST SPECIMENS AND EQUIPMENT 
3. Description of Test Specimens 
The test specimens originally proposed for this program consisted 
of singl~ lap-joints w~th two high-strength steel bolts as sho~~ in Figo 1. 
These joints were to be tested on a zero-to-tension and a tension-to-equal-
compression stress cycle.. Because of the difficulties encountered in the 
attempts to test these specimens, it was necessary to revise the original 
program and to modify the specimens slightly .. 
Double lap-joints of the types shown in Figso 2, 3 and 4 were fab-
ricated in order to overcome some of the problems of eccentricity encoun-
tered in the single lap-joint. This arrangement provided joints which still 
retained their individual eccentricity but which, by testing in pairs, did 
not put an eccentric load on th~ testing machines. It was this eccentric 
loading on the fatigue testing machines that made it difficult to test the 
single lap-joint specimenso 
The specimens shown in Figs .. 2, 3 and 4, types AMS, BMS and eMS 
respectively, are identical except for the lateral bracing between the two 
joints.. This bracing provided a lateral restraint which varied for the 
three types of specimens.. The type AMS specimens contained 5-ino blocks 
which extended as close to the joint as possible. The type BMS specimens 
contained 3-in. blocks which increased the clear length and the flexibility 
of the jointsQ The type CMS specimens contained no blocking other than 
the pull-heads of the testing machine and were the most flexible of the 
three types testedo 
The specimens were fabricated from ASTM-A7 structural grade steel 
and 7/8 in. high-strength carbon steel boltso Case hardened washers 1/8 
liIl;>,.. .• 
to 3/16 in. thick were used under the nut and head of the bolts to protect 
against a loss in the bolt tension which might otherwise occur through a 
gouging of the plates by the nut or bolt head. Under these conditions it 
was possible to use an axial tension in the bolts of 35,000 lb. at the 
st~rt or each test, a value almost equal to the yield point of the boltso 
Arter each of the ·two bolts in a joint had been torqued to an 
axial tension or 35,000 lb., the two joints were placed in the testing 
machine. The tension in the bolts was not adjusted or changed until fail-
ure occurred in that particular joint. After one joint failed, a new joint 
was substituted for it and the test was resumed. This process was re-
'peated after each failure occurred. In order to obtain a complete picture 
of the fatigue tests, a record was made of the total number of cycles 
(accumulated cycles) required to produce failure in each plate at a given 
stress range. 
Two stress ranges were used in these tests; zero-to-tension and 
tension-to-equal-compression. Since the tests were made with doublespeci-
mens it was necessary to eliminate the proposed tests of specimens with 
lacquered f~ying surfaces because of the limited number of test plates 
available. 
4. Description of Equipment 
The tests described in this report, in general, were conducted in 
200,OOO-lb .. Wilson~type fatigue testing machines. These machines have a 
large capacity and permit the testing of large structural joints compara-
ble with those used in aetual structures. One such joint can be seen in 
the fatigue testing machines in Fig. 5 
The tension in the bolts was determined by measuring the elongation 
of the bolts with the extensometer shown in Figo 6. The bolts were cali-
brated in a universal testing machine. From this calibration the corre-
sponding change in length of the bolt was determined for the desired bolt 
tension. The bolts were then placed in the joints and the desired tension 
was obtained by torquing the bolt up to the proper elongationo 
The two upper mechanical dials in Figo 6 were used to measure the 
slip between the plates of the lap jointso There are two slip dials on 
each lap joint; one on each ed~e of the joint.midway between the boltso 
The average of the two readings taken on each of the two specimens was 
reported as the slip for the joint. It should be remembered, however, that 
the slip measured with these gages is only the movement on the transverse 
line at which the gages are mounted. This movement results not only from 
slipping in the joint but also from some elastic action in the plates of 
the joints "and from any rotation that occurs between the plates. 
The lateral movement between the two lap-joints was measured by 
means of the apparatus shown in Figo 7. Since each joint contained twO" 
bolts, readings of the lateral movement were taken between the heads of 
both the top and bottom boltso These readings give an indication of the 
amount of bending that occurs in the specimens when they are subjected to 
the fatigue loadingso 
III RESULTS OF TESTS 
5. Description of Preliminary ~ 
The first specimen tested on this program consisted of a single 
lap-joint. This first test, however, exhibited so much side-sway and 
bending that it was neces'sary to dis continue the original testing s ched-
ule. A special system of sway bracing was designed to eliminate the side-
sway of the joints during the tests. This bracing, shown in Fig. 8,per-
mits a vertical movement of the specimen but limits the lateral movement. 
Although this idevice eliminated most of the lateral motion it was impossible 
to determine the stiffness of a joint tested thereino 
A third type of joint tested in the preliminary studies consisted 
of a butt-type joint in which failure might occur in the outer plates. 
In this type of joint the eccentricity of the joint is completely elim-
inated but the loading on'the outer plates is similar to that of lap-
joints. The stiffness of this type of joint is much greater than that of 
the other types of specimens tested in the preliminary studies. 
The results of the preliminary tests are given in Table 1. It is 
evident in this table that the single lap-joint, Specimen MSA-3, was much 
weaker in fatigue than any of the other preliminary specimens tested. 
Failure o~ loBA-3 occurred after 126,600 cycles in which the stress varied 
from +14,400 to -14,400 po so i. Similar specimens were tested using the 
sway bracing. These joints, spe~imen 48-12-1 and 49-1-1, failed at 1,376,100 
and 1,310,000 cycles respectively wheB tested on a ~cle in which the stress 
varied from +16,000 to -16,000 p. so i. Therefore, the flexibility of 
these eccentric joints appears to have a large effect on the fatigue strength 
when they are tested on a cycle in which the stress is completely reversed. 
The butt-type joint did not fail; ·this provides an additional in-
dication that the flexibility greatly affects the fatigue strength of the 
jointo In addition, the tests indicate that there is a flexibility in the 
sway bracing which is not readily determinableo 
On the basis of the results of the preliminary tests th~ double 
lap-joints previously described were devised" This made it possible to 
utilize the specimens which had been provided for the original single lap-
joint testso 
6.. Results of Static Tests 
Static load-slip tests were conducted on the test specimens prior 
to the fatigue tests by manually ~pplying a tension load in the fatigue 
machines.. As the load was increased, readings were taken on the four 
slip dials mounted on the edges of the jointso This load and slip data 
has been plotted in Figs .. 10, 11 and 12 for most of the specimens of Series 
1M3, BM3 and CE respectivelyo 
The load-slip curves show the average slip as indicated by the two 
mechanical dial gages mounted on the edges of a single jointo The two 
single-joint curves for each particular test specimen are then combined 
on one diagram" The load plotted in these figures is the total load on 
the two joints. As indicated by these curves, the load in general was not 
equally distributed to the two jointso Because of this non-uniform distri-
bution of load the total load has been used in this study rather than the 
average load. 
These figures also provide some information on the frictional resist-
ance, prior to the fatigue tests, of the joints in the test specimenso 
However, there is a considerable difference, in some cases, in the resist-
ance of the two <joints of a particular specimen." This may have been caused 
by such variablesas differences in the condition of the faying surfaces, 
variation in bolt-hole clearance around the bolt or burrs on the edges of 
the bolt holes. Another factor that may produce some of the difference 
is the fact that a few thousand repetitions of the load ~cle increases 
the frictional resistance of a bolted joint*. Some of the test specimens 
contained one joint that had been subjected to a number of applications of 
load and one joint that had just been assembled and had been subjected to no 
prev,io~s loadingso In spite of these many variables some of the curves for 
the two joints of a specimen are quite consistent, as is indicated by Figs. 
lOa, llf, 12e and 12go 
7. Results of Fatigue ~ 
Fatigue tests were conducted on the test specimens after the load 
slip tests had been completed. All three types of specimens, TypesAMS, 
BMS and eMS were tested on a stress qycle of zero=to=tension and tensio.n~ 
to-equal-compression. The results of these rati~ue tests are given in 
Table 2. One of the type BMS specimens in pIece and ready for testing is 
shown in Figo 13. 
!he stress cr,ycle in 1000gs p. s. io on the net section is given in 
the second column of Table 20 All of the specimens in the upper portion of 
the table were tested on a cycle of !16,OOO po so io It is clearly evident 
in column 3 that. the number of e,ycles to failure for the tests conducted on 
a reversed-load stress c,1cle decreases as the flexibility of the specimens 
increases. The average number of cr,ycles to failure for the type OMS speci-
men vas 104,280, whereas, the average number of cycles to failure for the 
type A specimen was 1,123,2000 
The specimens on the lower part of Table 2 were tested on a cycle 
* Progress Report, "Exploratory Fatigue Tests of Bolted Structural Joints," 
Munse and Wilson; University of Illinois Engineering Experiment Station; 
Januar.y 19500 . 
r 9. 
~" 
~ of 0 to + 24,000 po s .. 1", except for specimen cm .... 4 which was tested on 
a ~cle of 0 to + 19,750 p. So 1" The average number of cycles for fail-
ure is approximately l~OOO,OOO whether for the type AMS, BMS or CMS 
specimen" In this case the difference in flexibility of the various types 
of specimens does not seem to have an affect on the number of cycles to 
failure 0 However, with a reversed load cycle a lap-joint has a tendency 
to buckle under the compressive load and with a long flexible joint this 
condition greatly reduces the fatigue strength of the jointo In general 
for butt-type joints a stress cycle of ! 16~OOO po So io is approximately 
equivalent to a stress cycle of 0 to + 24~OOO po so io For the type AMS 
specimen, this still seems to be the caseo However, it is not true for 
the type BM3 and eMS specimens, the more flexible jointso 
Slip measurements were made during the fatigue tests, on both edges 
of each specimen at a point midway between the boltso The average of these 
slip measurements at the start and finish of the fatigue tests is given 
in columns 4 and 5 of Table 20 In all tests for which the slip measurements 
are available, the slip was very small - usually less than 00002 ino per 
oycle at the start of the test and less than 00001 in" per qycle at the 
finish of the test" After the first few thousand applications of load 
the slip per cycle dropped off to approximately the final value of slip 
and remained constant throughout the balance of the teste 
Column 6 of Table 2 shows, for each specimen, the total slip ac-
cumulated throughout the fatigue teste In no case was the total slip . 
greater than 00013 ino, and in most instances the total slip was consid-
erably less than 00010 ino It is evident~ therefore~ that the j.oints did 
not slip enough to allow the bolts to come into bearing on the edges of 
the bolt holes in the plates. Column 6 also indicates that the total 
slip for specimens having a stress cycle of zero-to-tension is greater 
than for specimens having a stress cycle of compression to-an-equal-
tensiono This, however, would be expected because the maximum load is 
greater in the zero-to-tension cycle and the load is all of one sense, 
namely tensiono 
Columns 7 to 10 of the same table give the average lateral move-
ment that occurred between the bolts of the two joints of a specimen when 
it was subjected to the various fatigue loading cycles. These measurements 
. fSive an indication of the bending that exists in the test specimens during 
a fatigue test. As pointed out previously the tyrye eMS specimens were 
the mosi. flexible and the weakest of the three types tested under re-
versed cycle loadingo The effect of buckling is large for the type CMS 
specimens and almost negligible for the type AMS specimens in the tests 
at ± 16,000 po s. io 
Figse 14 through 19 show the location and character of fracture in 
the plates of the test specimens. It is of interest to note that most 
of the failures occurred through the gross section of the plate and not 
through the bolt holeso This condition is most noticable in Figso 14, 15 
and 16, the specimens tested on a cycle of ± 16,000 p. so 10 This again 
shows the effect of the bending and flexibility of the lap-joint type of 
test specimen. In Figs. 17, 18 8nd 19 there appears to be a little more 
tendency for the joints to fail through the bolt holes. These are the 
specimens tested on a zero-to-tension cycle. 
In several instances the fatigue failure was located while it was 
still small, as shown in Figo 20a. The cracked specimen was then pulled 
apart to show the character of the fatigue crack. An examination of the 
end views of the fractures in part b of the Figs. 14 through 20 will show, 
as Figo 20b does, that most of the fatigue failures started in the center 
of the specimens slightly above the bolt hole. Figo 20 demonstrates this 
fact quite clearlyo 
---
IV. SUMMARY OF RESULTS AND CONCLUSIONS 
8. Summary 
The results of the tests reported herein would appear to justify 
the following conclusions for the bolted joints tested. 
1. The-flexibility and amount of side-sway in a lap 
joint appear to have a large effect on the fatigue 
strength of the joint when tested on a e.ycle of 
tension-to-equal-compressiono 
2. wpen the slip per cycle of the bolted joints is 
only a fev thousandths of an inch, there is little 
danger of the bolts failing in fatigue. 
3. The slip of a joint per cycle does not increase during 
the fatigue test providing the initial slip is within 
00015 to 0.020 in. per cycle at the start of the test; 
it will generally decrease during the test to a value 
of about 00005 in. per cycle. 
40 There is a tendeney for the bolted joints to fail 
through the gross section of the plates rather than 
through the net sectionso This was more pronounced 
for the tests on a reversed load cycle, where a 
tendency to buckle exists, than for the zero-to-
tension tests. 
These tests have shown that lap-joints can readily be tested in 
fatigue and that the strength of these joints may be quite different from 
that obtained for similar butt-type joints. Since lap joints are frequently 
used in engineering structures, additional ~ests should be conducte0 on 
members and joints of this type. These testg would provide data that 
could be applied directly in the preparation of design specifications 
which would cover the fatigue strength of bolted structural joints. 
On the basis of the test results reported herein it is apparent 
tha~ fatigue tests of structural members and joints should be made on 
specimens which are, as nearly as possible identical with the, joints of 
the field structures they represent. This type of test will give infor-
mation which is directly applicable to engineering structures and which 
will be convincing to the many engineers concerned with the problems of 
fatigue. Therefore it is recommended that further fatigue tests be 
planned on bolted joints, which are representative of the many types of 
joints used in structureso 
Specimen Type 
No. of 
Joint 
~. 
~ '-
~ . 
, 
. MSA .... .3 LAP 
4S-12~1 Lap with 
sway 
bracing 
48-12-2 Butt 
49-1-1 Lap with 
sway 
bracing 
49-1-2 Lap with 
sway 
bracing 
TABLE 1: 
SUMMARY OF RESULTS OF 
PRELIMINARY FATIGUE TESTS 
Bolt Stress Cycle 
Tension 1000's p. s. i .. 
in 1000 on net section 
Ibs. 
.35.0 -14 .. 4 to +14 .. 4 
35 .. 0 -16 to +16 
.35 .. 0 -16 to +16 
.35 .. 0 -16 to +16 
.35 .. 0 o to 24 
14. 
No. of Cycles 
for failure 
in 1000's 
126.6 
1,.376 .. 1 
5,567 
Did not fail 
1,.310 
.3,078 
! 
. i 
" .• ,. ,'1',:"" , 
'''.-:-,,:~~~;!' 
RESULTS OF FATlGUB TESTS OF :SOMED 
(.Axial :Solt Tension == 35,000 lb. per batt) 
Number of Average Slip Total Average 
Oycles for per Oyc1e Oumu1a.t i ve Movement per cycle 
on failure in in Inches Slip in between'specimeIis 
Net Section 1000'8 Start Jinish Inches in Inches·· 
I of of 
'f'op :Solts Bottom l30lts 
Test Test 
Oomp. Tens. Compo Tens. 
Load Load Load'. _Load 
(1) (2) (3) (4) (5) (6) (1) (8) (9) (10) 
,I 
AMS .... 9 -16 to + 16 948.3 .0003 .0004 -.0007 
-.
0019 +.0045 +-.0018 -.0011 
AMS-12 -16 to~+':·16 948.3 .0003 .0004 +.0015 - .. 0019 +.0045 +.0018 -.0011 
AMS-13 -16 to + 16 983·1 .0004 .0004 +.0012 -.0005 +.OO3J +.0023 -.0022 
AMS-11 -16 to + 16 1,406.6 •. 0006 +. 0011 ~ •. OO18 +.0044 +-.0019 -.0012 
AMS-14 -16 to + 16 1,329 .. 3 .0004 .0005 +.0020 -.,0007 +.0037 +.0029 -.0019 
Average 1,123.2 .oooti .0005 +.00~1 -.OOlti +.0041 +.002l -.0015 
BMS-11 -16 to + 16 524.4 0,0008 .0004 +.0008 -.0047 +.0124 +.0056 -.0024 
BMS-9 .,,16 to + 16 524.4 .0008 .0004 +.0005 .... 0041 +.0124 +.0056 '-00024 
BMS .... 14 -16 to + 16 4°1.1 .0006 .0005 ..... 0021 -.0058' +.0118 +.0097 -.0082 
13MS"",16 -16 to + 16 441.6 .0009 -.0024 .-.0059 +.0119 +.0098 -.0083 
BM"Sca10 -16 to + 16 164.8 .0006 .0006 -.0005 -00048 +.0125 +.0050 -.0022 
Average 533.,6 .0007 .0005 ..... 0012 .... 00°52 +00122 +.0011 -00041 
OMS-10 -16 to + 16 131·5 .0022 .0005 -'- -.0021 +.0077 +.0240 -.0229 
OMS-12 -16 to + 16 137·5 .0022 .0005 - •. 0027 + .. 0077 +.0240 -00229 
OMS-13 -16 to + 16 4.3 .0015 -.0090 +t0190 +.0111 -.0206 
O~S-9 -16 to + 16 152.9 .0006 .0006 -.0180 + •. 0080 +.0313 -00235 
OMS-16 -16 to + 16'7 89.2 .,0005 -.0090 +.0100 +.0303 -.0115 
Average 104.28 .0014 .0005 -.0083 +.0105 +.0255 -.0215 
** A plus (+) sign indicates an opening of the space between the bolt heads 
and a minus (-) sign indicates a closing. 
~ 
ct 
.-~"'.!;,~ 
RESULTS OF FATIGUI TESTS OF BOLTED LAP JOINTS 
. (Axial Bolt Tension = 35.000 lb. per bOlt) 
Speoimen StresS Cycle Numberr-of Average Slip Total 
Number 1000's pos.i. Cyoles for per Oyole Cumulative 
on Failure in in Inches Slip in 
Net Section 1000 8s Start Finish Inohes 
of of 
Test Test 
(1) (2) (3) (4) (5) (6) 
AMS=4 o to + 24 866.5 .0010 .0009 +.0040 
AMS=7 o to + 24 823.6 00008 .0008 +00064 
AMs=6 o to + 24 I p 095.4 .0009 .0008 +.0131 
AMS=5 o to + 24 19 095.4 .0009 00008 +.0131 
AMS=2 o to + 24 19 14308 .0007 .0007 +.0037 
Average 1 p oo409 .0009 00008 +.0081 
BMS=l o to + 24 19 6600 3 .0006 00004 +.0085 
BMS=7 o to + 24 785.9 .0006 00005 +.0019 
EMSc:.6 o to + 24 785.9 00007 .0007 +.,0066 
:eMS=3 o to + 24 1 9 68707 .0005 .0006 +.0092 
:eMS=5 o to ~ 24 2\)005.0 .0006 00004 
Average 19384.1 00006 .0005 +00065 
CMS=4 o to +19.75* 2s70S.2* 00005* .0004* +00036* 
CMSacg o to + 24' 1.046.3 .,0006 .00004 + •. 0006 
OMSoo5 o to + 24 1,18304 ' .0005 
CMs...,6 o to + 24 19 09005 .0001 +00004 
OMS=1S o to ... 24 495.1 .0005 
Average 95308 .0006 .0004 +.0005 
* lDxcluded from the a.verage 
** A plus (+) sign indicates ant opening of the space between the bolt heads 
and a minus (<=) sign indicates a olosing. 
Average Lateral 
Movement per cycle 
between specimens 
in Inohes * * 
Top Bottom 
Eo1ts Eolts 
(1) (8) 
+00061 =.0041 
+.0063 =00041 
+.0063 =00041 
+.0060 "?00042 
+.0062 =.0041 
+.0114 =.0063 
+.0176 =00043 
+.0116 =00043 
+00151 =.0012 
+00149. ,-=~:()O61 
+00153 =.0°56 
+.0050* =00240* 
+00118 =00242 
+.0121 = •. 0240 
+.0110 =.0240 
+0013° =.0267 
+.0120 -.0247 
..... 
0'\ 
o 
FiG. i SINGLE LAP-JOINT TEST SPECIMEN IN 
50, OOOLB.. FATIGUE MACHINE 
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FIG.5 200,000 LB. FATIGUE TESTING 
MACHINES 
FIG.6 EXTENSOMETER FOR DETERMINING 
AXIAL TENSION IN BOLTS 
FIG. 1 DIAL GAGE 
MOVEMENT 
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o. 
b. 
FOR MEASURING LATERAL 
BETWEEN JOINTS 
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FIG.8 SWAY BRACING FOR PRELIMINARY 
TEST IN 50,000 LB. FATIGUE MACHINE 
FIG. 9 BUTT TYPE JOINT FOR PRELIMIJ\JARY 
TESTS IN 50,000 LB. FATIGUE MACHINE 
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FIG. 13 DOUBLE LAp .. TYPE BO"LTED 
JOINTS TESTED IN FATIGUE 
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o. 
b. 
FIG. 14 LOCATION AND CHARACTER OF FRAOTURES 
OF SERIES AMS SPECIMENS TESTED AT 
TENSION· TO ... EQUAL- COMPRE SSION 
29 
o. 
b. 
FIG. 15 LOCATION AND CHARACTER OF FRACTURES 
OF SERIES BMS SPEOIMENS TESTED AT 
TENSION .. TO- EQUAL .. OOMPRESSION 
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FIG. 16 LOCATION AND CHARACTER OF FRACTURES 
OF SERIES CMS SPECIMENS TESTED AT 
TENSION-TO· EQUAL .. COMPRESSION 
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Q. 
b. 
FIG. 17 LOCATION AND CHARACTER OF FRACTURES 
OF SERIES AMS SPECIMENS TESTED AT 
ZERO-TO-TENSION 
Q. 
b. 
FIG. IS LOCATION AND 
OF SERIES BMS 
ZERO-TO- TENSION 
CHARACTER 
SPECIMENS 
OF FRACTURES 
TESTED AT 
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Q. 
b. 
FIG.19 LOCATION AND CHARACTER OF FRACTURES 
OF SERIES eMS SPECIMENS TESTED AT 
ZERO-TO-TENSION 
FIG.20 FRACTURE 
SHOWING 
CENTER 
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b. 
OF SPECIMEN AMS 5 
FIRST CRACKING A·T 
OF PLATE 
